In a cross-sectional study, we examined the relation between intake of 3 common foodstuffs that contain flavonoids (chocolate, wine, and tea) and cognitive performance. 2031 participants (70-74 y, 55% women) recruited from the population-based Hordaland Health Study in Norway underwent cognitive testing. A cognitive test battery included the
Introduction
The pathogenesis of neurodegenerative disorders, especially Alzheimer's disease, leading to cognitive decline and dementia is multifactorial with a complex combination of genetic and nongenetic components. Environmental agents are at least as likely to contribute to neurodegenerative diseases as genetic factors (1) . The role of micronutrients in age-related cognitive decline is being increasingly studied (2-7).
Polyphenols are abundant micronutrients in our plant-derived foods and are powerful antioxidants. Fruits and beverages such as tea, red wine, cocoa, and coffee are major dietary sources of polyphenols. The largest subclass of dietary polyphenols is flavonoids (8, 9) . A significant inverse relationship between dementia or cognitive performance and the intake of flavonoids has been reported (9) (10) (11) .
Wine and tea are flavonoid-rich beverages that may have dual effects on health and cognitive function. Moderate alcohol consumption is associated with better cognitive function (12) and reduced risk of Alzheimer's disease and dementia in general (4, 10, (12) (13) (14) (15) . In contrast, heavy alcohol intake has been considered to be one of many causes of dementia (4, 12) . Tea consumption is associated with a reduced risk of cognitive impairment (16, 17) and of cognitive decline (17) and components in green tea may be associated with neuroprotection (5, 9) . But in cellular models, a dual action of tea polyphenols, e.g. (-) epigallocatechin-3-gallate, on cell survival has also been demonstrated: they protect at low micromolar concentrations, whereas they become pro-oxidant and pro-apoptotic at concentrations over 10-20 mmol/L (18) .
Dark chocolate, like other cocoa products, may contain greater amounts of flavonoids, depending on the processing, per serving than teas and red wines (19) . Acute (20) as well as chronic (21) ingestion of flavanol-rich cocoa is associated with increased blood flow to cerebral gray matter and it has been suggested that cocoa flavanols might be beneficial in conditions with reduced cerebral blood flow, including dementia and stroke (21) .
The aim of this study was to examine the relation of the performance, in a variety of cognitive tests, to habitual intake during the previous year of certain types of flavonoid-rich food intake (chocolate, wine, and tea). A subset of elderly participants within the Hordaland Health Study (HUSK) 9 afforded the opportunity to examine these issues among .2000 older men and women.
Methods
Study population. The HUSK study was conducted from 1997 to 1999 as a collaboration between the University of Bergen, University of Oslo, local health services and the Norwegian Institute of Public Health. Details of the study and of recruitment to the Cognitive Sub-study has been described previously (22, 23) . Briefly, a total of 2841 participants out of 3341 attendees in the HUSK born in 1925-1927 were invited to participate in cognitive tests; 2197 (77.3%) of these agreed and constitute the Cognitive Sub-study. In this report, we have confined the analysis to cross-sectional data for 2031 (71.5%) individuals who also completed a FFQ.
All participants gave their written, informed consent. The study protocol was approved by the Regional Committee for Medical Research Ethics of Western Norway.
Data collection. Cognitive testing was performed at the study location by trained nurses after the standard cardiovascular examinations of the National Health Screening Service were completed. The cognitive test battery included 6 tests (24): Kendrick Object Learning test (KOLT; episodic memory) (25) ; Trail Making test, part A (TMT-A) (26); a modified version of Digit Symbol test (m-DST; perceptual speed) (27) ; Block Design, short form (m-BD; visuospatial skills) (27) ; a modified version of the Mini-Mental State Examination (m-MMSE; global cognition) (28) ; and an abridged version of Controlled Oral Word Association test (S-task) (access to semantic memory) (29) .
Dietary habits. To asses the habitual food consumption, a comprehensive FFQ created at the Department of Nutrition, University of Oslo (30, 31) was handed out on the day of examination, filled out later at home by the participants, and then mailed to the HUSK Project Centre in Bergen. The FFQ has been validated in several previous studies, including the correlation between self-reported dietary intake of fish and essential (n-3) fatty acids in plasma phospholipids among 579 men and women (31) and 14-d weighed diet records with the intakes calculated from the FFQ in a group of 38 elderly women (30) . The questionnaire included 169 food items that were grouped according to Norwegian meal patterns. It was designed to obtain information on usual food intake during the last year. The frequency of consumption was given per day, week, or month. The portion sizes were defined as follows: chocolate (type not specified), 60 g (the approximate amount in a standard chocolate bar in Norway); wine (type not specified), 1 glass (120 mL); and tea [an infusion of the leaves of Camellia sinensis (the most common type at the end of the 1990s in Norway was black tea)], 1 cup (200 mL). Precise information on the type of chocolate consumed was not recorded, but at that time in Norway, the most common type purchased was milk chocolate.
Dichotomous variables were created considering individuals who reported the use of chocolate, wine, or tea, whereas all others reporting that they never consumed the actual product were considered nonusers. To identify the individuals who never had these items and individuals who consumed at least 1 or 2 or all of them, all dichotomous variables were combined. The amount of each item in g or mL/d and total energy intake were calculated by using a food database and software system developed at the Department of Nutrition, University of Oslo (Kostberegningssystem, version 3.2, University of Oslo, Norway).
Covariates. The FFQ also included questions about dietary supplement intake, in which the product names of the most used supplements in Norway were considered. Use of dietary supplements was reported as ''seasonal use'' (during the whole year or only winter half of the year), frequency per week, and amount per time.
Self-reported information on diabetes and history of myocardial infarction, angina pectoris, stroke, thrombosis, phlebitis, and hypertension was recorded in 1992-1993 and 1997-1999 . On the basis of information from both surveys, the participants were categorized as with or without a history of cardiovascular disease (CVD) (including the diseases and conditions mentioned above). About four-fifths (79%) of the self-reported CVD cases were validated with hospitalization records used in our earlier study (32) , whereas the remaining 21% of CVD cases were presumably less severe and did not require hospitalization or occurred before 1992.
Educational level was self-reported and recorded in 5 categories: primary school (#9 y), vocational secondary school (10-12 y), theoretical secondary school (10-12 y), college or university #4 y, and university of $4 y. Smoking was considered in 3 categories: nonsmokers, ex-smokers, and current smokers (including daily smoking of cigarettes, cigars, cigarillos, or pipe). The depression score was assessed by a 7-item subscale for depression from the Hospital Anxiety and Depression Scale (33) . Intake of coffee was reported as the number of cups (120 mL) consumed per day.
Statistical analysis. Cutoff points for poor cognitive test scores were set at about the 10th percentile of the cognitive test score, except for the TMT-A, where the 90th percentile was used. Preliminary analyses showed that cognitive test scores and intake of chocolate, wine, and tea were significantly correlated with 1 or more of the following background variables: sex, education, use of vitamin supplements, coffee intake, smoking status, history of CVD, diabetes, depression score, and total energy intake (Supplemental Table 1 ). Although the depression score was significantly correlated with most of the cognitive test scores, it made little difference when introduced in the statistical models and because inclusion of the depression score significantly reduced the numbers of participants due to missing data, it was excluded from final models. The results were almost identical when the use of vitamin supplements such as multivitamins, folate, B vitamins (not specified), and vitamins C, D, and E was included as covariates in separate variables or was combined into 1 variable. Consequently, in the present paper, the use of all these vitamin supplements was combined. Similarly, inclusion of coffee intake as a covariate in statistical models made very little difference and is therefore omitted from the final models. Thus, the final fully adjusted models used throughout the present paper were controlled for sex, education, history of CVD, smoking status, vitamin supplement use, diabetes, and total energy intake. Due to potential over-adjustment, we selected both a simple (sex-adjusted) model and a fully adjusted model in the table presenting mean values of cognitive test scores and when demonstrating dose-response associations. Given the narrow age range, adjustment for age did not change the results and has not been included.
For comparison between the groups of chocolate, wine, and tea intake, the x 2 test or ANOVA was used. Estimated mean values of cognitive scores by combined intake of chocolate, wine, and tea, adjusted according to our final model of cofactors, were obtained from the univariate ANOVA, and risk ratios for poor cognitive test perfor-mance (based on cross-sectional data on habitual consumption of chocolate, wine, and tea during the previous year) were obtained from logistic regression analysis. Gaussian generalized additive regression models, as implemented in S-PLUS 6.2 for Windows (Insightful Corporation), were used to generate graphic representations of the dose-response relationships using a sex-adjusted model. On the vertical axis, the model generates a reference value of 0 that approximately corresponds to the value of cognitive test score associated with the mean of the average intake of flavonoid-rich food in g or mL/d for all participants. Multiple linear regression analyses were used to examine significant associations between the cognitive test scores and average chocolate, wine, and tea intake using both a sex-adjusted model and a model adjusted for the variables referred to in the final model. Except for generalized additive models, all statistical analyses were performed using SPSS, 12.0 for Windows. P-values , 0.05 were considered significant.
Results
Mean intakes among the 2031 participants were 3.8 (95% CI: 3.5, 4.2) g/d for chocolate, 22 (20, 25) The proportion of wine drinkers was higher in men than in women, whereas the proportion of tea drinkers was higher among women than men ( Table 1 ). The use of vitamin supplements was more frequent, and total energy intake and educational level ($9 y) were higher among chocolate, wine, and tea consumers than nonconsumers. Current smoking was more prevalent among those who did not drink tea, whereas there were more ex-smokers among wine drinkers than among nondrinkers. Wine and tea drinkers drank less coffee than nondrinkers. Chocolate users had lower prevalence of CVD history and diabetes than nonusers and the prevalence of diabetes was lower among wine drinkers than nondrinkers.
The performance on all 6 cognitive tests was better among chocolate, wine, and tea consumers than among nonconsumers ( Table 2) .
In multivariate models, including adjustments for sex, education, smoking status, vitamin supplement use, history of CVD, diabetes, and total energy intake, the mean scores of all 6 cognitive tests remained significantly better among wine drinkers. Chocolate consumers also had significantly better test scores (except for m-BD) compared with nonconsumers, and tea drinkers had significantly better scores in 4 out of 6 tests (TMT-A, m-DST, m-BD, and m-MMSE) than nondrinkers in the multiple adjusted models.
The multiple-adjusted mean values of various cognitive tests and the risk ratios for poor cognitive test performance are presented in Table 3 in relation to how many of the 3 flavonoidrich foods (chocolate, wine, or tea) were consumed. For each of the 6 cognitive tests, the test performance improved as an increasing number of these products were consumed.
Odds ratios (OR) for poor cognitive performance were assessed in relation to habitual intake of chocolate, wine, and tea. The risk for poor test performance in all cognitive tests decreased significantly as an increasing number of the 3 flavonoid-rich foods (chocolate, wine or tea) were consumed ( Table 3 ). The reduction in risk of poor test performance for those who consumed all 3 flavonoid-rich foods ranged from 64 to 74% compared with those who did not report consuming any of these foods. In the sex-adjusted models, independent of cognitive test, the risk for poor performance decreased significantly among consumers of chocolate, wine, and tea when compared with nonconsumers (data not shown). In the fully adjusted models, the strongest risk-reducing effect for poor cognitive performance was related to wine intake: compared with nondrinkers, the wine drinkers had a 41-53% reduced risk for poor test performance in all 6 cognitive tests ( Table 4) . Among the chocolate eaters, the risk-reducing effect in 4 out of 6 tests (TMT-A, m-DST, m-MMSE, and S-task) remained significant when the models were controlled for multiple risk factors, but the tea drinkers had significantly reduced risk for poor performance only in the TMT-A and S-task.
The performance on all cognitive tests improved with increasing intake of wine up to 75-100 mL/d and then leveled off (Fig. 1) . Similarly, improved cognitive performance with increasing chocolate intake reached a plateau at ;10 g/d in all cognitive tests, except KOLT. The sharpest dose-response effect of tea on cognitive performance was up to ;200 mL/d, after which it reached to plateau or tended to be linear. Linear regression analyses adjusted only for sex indicated that the doseresponse associations with chocolate, wine, and tea were present for each of the cognitive tests, except for the association between chocolate and KOLT. In the fully adjusted models, several of the associations related to wine (KOLT, TMT-A, m-DST, and S-task) and tea intake (TMT-A, m-DST, and S-task) remained significant. Dose-response relationships also remained significant between intake of chocolate and S-task.
We studied an effect of tea (an infusion of the leaves of Camellia sinensis) and herbal tea on cognition separately and found that the positive associations were slightly stronger when intake of herbal tea was not included (data not shown). Analyses with herbal tea alone showed significant association only with TMT-A score; the mean score among users was 52 (95% CI: 48, 55) and among nonusers was 57 (56, 59), (P adjusted for gender ¼ 0.002, multiple adjusted P ¼ 0.015).
To determine whether the effect of particular flavonoid-rich foods on cognitive performance is independent, we repeated all statistical models adding chocolate, wine, and tea as covariates. This did not affect our results; all significant associations remained, except for the fully adjusted linear association (Fig.  1 ) between tea and S-task (P-value changed to 0.080).
Discussion
In a population-based study of elderly people, we showed that habitual intake of flavonoid-rich foods such as chocolate, wine, and tea is associated with better cognitive performance. The associations were dose dependent and applied for most of the cognitive tests used in the study. The associations were also additive in the sense that the risk of poor cognition was lower the greater the number of the 3 flavonoid-rich foods consumed the previous year.
Although elderly Norwegians were modest in their habitual wine consumption (;50% of users drank ,1 glass/wk and ;5% drank .1 glass/d), the strongest beneficial effect on cognitive test performance was related to wine intake. Earlier studies have shown that light-to-moderate alcohol consumption might have a protective effect on cognitive impairment compared with total abstention or heavy consumption (1,12,34-36) . The most potent effects have been attributed to wine intake, because in several studies, moderate wine drinkers have shown strikingly low OR of 0.15-0.19 for Alzheimer's disease and dementia compared with nondrinkers (12, 15, 34, 35) . In our study, all wine consumers were grouped together, independent of dose, but the effect of wine intake was still evident (OR varied from 0.46 to 0.57 depending on cognitive test). Furthermore, we observed a plateau effect of wine at an intake of ;0.5 glass/d, which is comparable with the protective effect of moderate intake observed in the studies cited above. Because there were few people who reported high wine intake in our population (14 reported consuming .4 glasses/d), we could not study the effect of heavy consumption. Several mechanisms by which moderate wine consumption might protect against cognitive impairment have been proposed, including reduced cardiovascular risk, antiinflammatory effects, and the antioxidant actions of its flavonoids (12, 35, 36) . However, moderate wine intake may be a marker of a healthier diet or of a complex set of favorable social and lifestyle factors (15, 34, 37) , which themselves are protective for cognitive impairment. In our study, we have tried to adjust for potentially relevant factors, but we cannot exclude the possibility of residual confounding.
Cocoa products are particularly rich sources of flavonoids, although this is influenced by the processing during manufacture (19) . Due to a high antioxidant capacity, cocoa products have been promoted as having several beneficial properties (mainly cardiovascular). Even very modest consumption of chocolate may significantly contribute to total polyphenol intake (38) . However, a recent clinical trial (39) did not find any beneficial effects of short-term (6 wk) dark chocolate and cocoa consumption on cardiovascular outcomes or on neuropsychological tests. In our study, we found that habitual chocolate users performed better in all cognitive tests and had significantly reduced risk for poor test performance in most tests, whereas the mean intake of chocolate among users was as little as ,8 g/d. Moreover, a maximum beneficial effect on cognitive performance was gained at a mean intake of chocolate of ;10 g/d. The real effect of polyphenols in chocolate may be even stronger, because not all chocolates are equally good sources of flavonoids and the type of chocolate consumed was not specified in our study. In the US and Europe, milk chocolate is the most popular form, but this contains less cocoa mass than dark chocolate and therefore contains fewer polyphenols (40) .
Green tea polyphenols have been promoted as therapeutic agents claimed to alter brain aging processes and as possible neuroprotective agents in progressive neurodegenerative diseases (18) . There have been 2 recent studies on the association between tea intake and dementia or cognitive impairment in humans. In a cross-sectional study, Kuriyama et al. (16) found inverse dose-response relations between consumption of green tea and the prevalence of cognitive impairment and a weak relation between consumption of black tea and cognitive impairment. However, a strong inverse relationship was found by Ng et al. (17) between consumption of black tea and both cognitive impairment and cognitive decline. Although the flavonoid content in typical black (31%, wt:wt) and green (33%, wt:wt) tea is similar, there is a significant difference in catechins: ;9% in black tea and ;30% in green tea (41) . The favorable properties ascribed to tea consumption may be due to catechins and their derivatives (18, 41, 42) that are recognized as multifunctional compounds for neuroprotection. Although we did not record the type of tea consumed, black tea comprised 96% of the total tea imported into Norway in 1999 (43) . Food components are often studied in isolation, but the benefit achieved via food intake may depend not only on the individual component but on the milieu in which it is taken (1). Consistently, we found that the cognitive test scores improved and the risk for poor test performance decreased with the number of different flavonoid-rich items (chocolate, wine, and tea) consumed. Because plateau effects were observed individually for wine and chocolate intake (Fig. 1) , the additive effect may reflect confounding by unknown lifestyle factors or it may reflect the presence of other substances that enhance the protective effects of flavonoids.
The strengths of our study include a large population-based sample with 6 different tests to study cognitive performance and the use of a well-validated FFQ. One limitation of dietary studies is error in the estimates of nutrients (4). Thus, it is possible to over-or underestimate true associations with outcomes if the type of certain foods was not specified, i.e. if the person preferred dark chocolate to milk chocolate or red wine to white wine or green tea to black tea. There was also no indication of whether individuals preferred weak or strong tea. With regard to alcohol consumption, underreporting by individuals is common and especially the information based on quantity-frequency data has such a tendency (44) . Thus, observed relations are, if anything, probably an underestimation of the true effect, if there is one.
Because 77% of the study attendees volunteered for cognitive testing, the possibility of recruitment bias should be considered. Several differences between participants who did and those who did not undergo cognitive testing have been reported earlier (45) . For flavonoid-rich food intake, the participants in the cognitive substudy drank more wine and tea than nonparticipants: mean wine intake was 12 [95% CI : 11, 13] vs. 7 [6, 8] (46, 47) . Thus, a major limitation of our study is the cross-sectional design, even though the questionnaire involved food intake over the previous year. Furthermore, participants with impaired cognition may have altered their diet as a consequence of a change in their cognitive status. In addition, self-reported dietary data collected from participants who are cognitively impaired or demented may be less reliable. However, because the participants in the present study were not seriously impaired, we do not think this had a major impact on our findings. Also, foods are not consumed individually but as part of a diet and therefore confounding by other food items is always an issue in studies using dietary assessments.
In conclusion, in a population-based study, we showed that intake of flavonoid-rich food, including chocolate, wine, and tea, is associated with better performance across several cognitive abilities and that the associations are dose dependent. However, these results should be considered with caution, because they were based on food-based analyses of population data and so we cannot conclude that the observed dietary benefits are truly associated with the flavonoids in chocolate, wine, or tea. We suggest that further studies should directly examine the flavonoid status and take into account other bioactive dietary substances in these foods.
